and Tead4 were expressed in pre-implantation embryos, and at least Tead1 and Tead4 were expressed widely in both TE and ICM lineages. Tead4 À/À embryos died at pre-implantation stages without forming the blastocoel. The mutant embryos continued cell proliferation, and adherens junction and cell polarity were not significantly affected. In Tead4 À/À embryos, Cdx2 was weakly expressed at the morula stage but was not expressed in later stages. None of the TE specific genes, including Eomes and a Cdx2 independent gene, Fgfr2, was detected in Tead4 À/À embryos. Instead, the ICM specific transcription factors, Oct3/4
Introduction
Pre-implantation mouse development leads to the formation of blastocysts, which are composed of an epithelial outer layer of trophectoderm (TE) that encloses a fluid filled cavity (blastocoel) and an inner cell mass (ICM), adhered to one side of the TE epithelium. The fertilized embryos undergo cleavages, and at the 8-cell stage, embryos undergo compaction, in which blastomeres establish baso-lateral cell adhesion mediated by E-cadherin (encoded by Chd1), and 0925-4773/$ -see front matter Ó 2007 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2007.11.002 become flattened and polarized (Johnson and Maro, 1984; Pratt et al., 1982; Reeve and Ziomek, 1981; Shirayoshi et al., 1983) . Through the subsequent two rounds of cell divisions, blastomeres take either of two topological locations: the outer cells having an apical surface and the inner cells surrounded by other cells (Johnson and Ziomek, 1981) . The outer cells remain polarized and form TE, while the inner cells lose polarity and form ICM. After implantation, the ICM cells give rise to embryo proper and extra-embryonic endoderm lineage, while TE cells give rise to the extraembryonic tissues (reviewed in Rossant and Cross, 2001 ). The polar TE cells, which overlay the ICM, continue to proliferate and form the extra-embryonic ectoderm that contains trophoblast stem cells and the diploid ectoplacental cone. The mural TE cells covering the blastocoel cavity stop cell division and form polyploid trophoblast giant cells. Further differentiation of the trophoblast lineage generates the labyrinth and spongiotrophoblast of the mature placenta.
Development of TE is regulated by the transcription factors Cdx2 and Eomes. Cdx2 is expressed from 8-to 16-cell stage embryos predominantly in the outer blastomeres and is essential for the specification of the TE cell lineage . Eomes is expressed from the 1-cell stage in all blastomeres and then in the TE at E3.5, but it is required only for proper differentiation of the TE into trophoblast stem cells (McConnell et al., 2005; Russ et al., 2000) . ICM expresses transcription factors Oct3/4 (encoded by Pou5f1), Nanog and Sox2, and all of them are required for the pluripotency of the ICM (Avilion et al., 2003; Chambers et al., 2003; Mitsui et al., 2003; Nichols et al., 1998) . Among these transcription factors, Cdx2 and Oct3/4 play pivotal roles in delineation of TE and ICM fates, respectively. Expression of Cdx2 and Oct3/4 initially overlap at the morula stage but later, their expression gradually segregates to the outer and the inner cells, which give rise to TE and ICM, respectively (Niwa et al., 2005) . Cdx2 and Oct3/4 form a transcription network by which Cdx2 and Oct3/4 activate their own transcription while reciprocally suppressing each other's expression. This transcriptional network contributes to the establishment of mutually exclusive expression of Cdx2 and Oct3/4, and, therefore, establishment of TE and ICM lineages (Niwa et al., 2005) . However, the transcription factor(s) acting at the upstream of these transcription factors have not been identified.
In this study, we found that Tead4 is required for TE development. Tead4 encodes a member of TEAD family transcription factors, which contains the TEA domain as an evolutionally conserved DNA binding domain (Anbanandam et al., 2006) . Mice and humans have four Tead genes (Tead1 to Tead4) (Jacquemin et al., 1996 (Jacquemin et al., , 1998 Kaneko and DePamphilis, 1998) . Tead gene family members are also found in invertebrates, including Drosophila and Caenorhabditis elegans (Halder et al., 1998; Simmonds et al., 1998; Wu et al., 2001; Yu et al., 2003) . Genetic studies in invertebrates have revealed various biological roles of the Tead genes. The Drosophila Tead gene Scalloped (Sd) is required for wing development (Halder et al., 1998; Simmonds et al., 1998) , and the C. elegans Tead gene, egl-44, suppresses the differentiation of touch-sensitive cells while promoting the differentiation of the motor neurons responsible for egg-laying (Wu et al., 2001; Yu et al., 2003) . In mice, all four Tead genes are expressed widely with distinct patterns during development and in adult tissues (Jacquemin et al., 1998; Kaneko et al., 1997; Kaneko and DePamphilis, 1998; Yockey et al., 1996) . Consistent with the global expression patterns of the Tead genes, in vitro studies and in vivo transgenic approaches have suggested that the Tead proteins regulate a wide range of developmental processes, including skeletal and cardiac muscle development, skeletal muscle regeneration, neural crest development, and notochord development (Gupta et al., 2001 (Gupta et al., , 1997 Karasseva et al., 2003; Milewski et al., 2004; Sawada et al., 2005) . However, these roles were not clearly supported by genetic analyses of inactivating the Tead genes in mice. Mouse mutants for Tead1 died at E11.5 with defects in growth of heart muscle (Chen et al., 1994b) . Only some fraction of the Tead2 mutant embryos showed excencephaly phenotypes . Although expression of Tead2 has been reported (Kaneko et al., 1997) , the role of Tead genes in pre-implantation mouse development remains to be elucidated.
We previously identified Tead family transcription factors as key regulators of Foxa2 expression in the node and the notochord (Sawada et al., 2005) . In this study, to extend our study into in vivo genetic approaches, we generated Tead4 mutant mice. Unexpectedly, homozygous mutants for the Tead4 gene were pre-implantation lethal. We showed that three Tead genes, Tead1, Tead2 and Tead4, were expressed in pre-implantation mouse embryos. Although Tead4 was expressed in all the blastomeres, Tead4 À/À embryos showed defects specifically in delineation of the TE lineage, and development of the ICM lineage was not affected. In Tead4 À/À embryos, expression of Cdx2 was transiently and weakly observed at the early morula stage, but was not maintained. Therefore, Tead4 is an early transcription factor regulating TE lineage development.
Results

Generation of Tead4 mutant mice
Previously, we identified Tead family transcriptional factors as a key regulator of the Foxa2 enhancer in the node and the notochord (Sawada et al., 2005) . In an attempt to reveal the role of individual Tead genes in the node/notochord development and embryogenesis, we generated mouse mutants for Tead4. The Tead4 gene was disrupted with homologous recombination in ES cells, by disrupting the TEA domain encoded by exon 2 (Fig. 1A) . The resultant allele should produce a non-functional protein if any protein is produced, and therefore should be a null-allele. We confirmed the proper homologous recombination of the Tead4 locus in the mutant ES cells by Southern hybridization (data not shown). We determined the genotypes of embryos by PCR (Fig. 1B) . The RT-PCR analysis with the primers located at the exons 5 and 6, which are downstream of the targeted exon (exon 2), showed the absence of the Tead4 transcripts in homozygous mutant embryos (Fig. 1C) . This result suggests that this allele is a nullallele.
Expression of Tead family genes in pre-implantation embryos
Tead4
+/À mice were intercrossed to obtain the Tead4 homozygous mutant embryos. We failed to obtain Tead4 À/À embryos at post-implantation stages, and unexpectedly, we found that Tead4 À/À embryos showed abnormalities at preimplantation stages as described below. This result was unexpected, because Tead2 has been suggested to be the only Tead gene that shows zygotic expression in pre-implantation mouse embryos (Kaneko et al., 1997) . This led us to re-examine the expression of all four Tead genes during pre-implantation development by RT-PCR ( Fig. 2A) . Different from the previous observation, we clearly detected expression of Tead1 and Tead4 RNAs as well as Tead2. Tead4 was not detected at the 2-cell stage, but was detected after the 4-cell stage, and the expression level decreased slightly at the blastocyst stage. The expression level of Tead1 was relatively unchanged, and showed a weak increase with development. We failed to detect Tead2 transcripts at the 4-cell stage by this method.
To reveal the spatial distribution of Tead proteins within the pre-implantation embryos, we generated the antibodies to Tead1 and Tead4, against the peptides specific to respective proteins as antigens. In spite of our extensive efforts, we could not succeed in generating antibodies detecting endogenous Tead2 proteins. Wholemount immunohistochemistry of pre-implantation embryos detected Tead1 proteins in the nuclei of all blastomeres throughout pre-implantation development (Fig. 2B) . Signals for Tead4 proteins were weaker than those of Tead1, probably because of the lower titer of the anti-Tead4 antibody. Tead4 showed a similar distribution with Tead1, and Tead4 proteins were detected in the nuclei of all the cells in both ICM and TE at the blastocyst stage (Fig. 2C) . Because the expression levels of Tead1, Tead2 and Tead3 genes were not affected in the Tead4 À/À embryos (Fig. 2D) , absence of Tead4 signals in Tead4 À/À embryos confirmed the specificity of the anti-Tead4 antibody and also null-mutation of this allele (Fig. 2C) . In E6.5 embryos, expression of Tead1 and Tead4 are mostly restricted to the extra-embryonic region (Sawada et al., 2005) . Because such lineage-restricted expression is different from the broad expression in the blastocysts, we further confirmed the expression of Tead4 in the ICM lineage. Wholemount in situ hybridization in blastocysts also showed broad expression of Tead4 RNA including ICM (Fig. 2E) . Furthermore, expression of Tead4 in ES cells is also consistent with the notion of its expression in the ICM (Fig. 7D ). Therefore, both Tead1 and Tead4 were expressed widely in preimplantation embryos, and did not show lineage-restricted expression. were not detected. Genotype was judged from the abnormal morphology of the embryos. Therefore, wild type and heterozygous mutant embryos could not be discriminated.
2.3.
Failure of blastocoel formation in Tead4 homozygous mutant embryos (Fig. 3A) . However, the nuclear number of the Tead4 À/À embryos increased at a rate comparable with that in the wild type and heterozygous mutant embryos, indicating that cellular proliferation of the Tead4 À/À embryos was not arrested or significantly delayed (Fig. 3B ). In later-stage Tead4 À/À embryos, we sometimes observed small cavities between blastomeres (Fig. 3A , arrowheads), probably reflecting the fact that the initial phase of blastocoel formation may takes place in some mutant embryos. Taken together, Tead4 À/À embryos failed to form clear blastocoels without disrupting viabilities.
Normal adherens junctions, cell polarities and JNK and p38 MAPK signaling in Tead4 homozygous mutant embryos
Blastocoels were formed by the accumulation of fluids between the cells, and abnormalities in cell adhesions, especially adherens junctions and tight junctions, result in failure of blastocoel formation (Watson and Barcroft, 2001 ). Because Tead4 À/À embryos failed to form clear blastocoels,
we first examined cell adhesions in the mutants. As anticipated by the normal compaction of the Tead4 À/À embryos, the key components of the adherens junctions, E-cadherin and b-catenin, were expressed and were localized to the interior cell boundaries in the homozygous mutants (n = 7/7 and 12/12, respectively) as in the control embryos ( Fig. 4A ) (Fleming et al., 2001) . The blastomeres facing the outer surface of the embryos are polarized, and disruption of this polarity also results in failure of blastocoel development. An atypical PKC, PKCf, is localized to the apical surface of the normal embryos at the blastocyst stage (Plusa et al., 2005) , and a similar distribution was also observed in the Tead4 À/À embryos (n = 3/3) ( Fig. 4B ). Recent studies also showed the requirements of JNK signaling and p38 MAPK signaling pathways for normal pre-implantation development including blastocoel formation (Maekawa et al., 2005; Natale et al., 2004) . In Tead4 À/À embryos, phosphorylation of a JNK substrate protein, c-Jun (n = 3/3), and phosphorylation of p38 (n = 5/5) and its substrate protein ATF2 (n = 2/2) were not significantly affected (Fig. 4C ). Taken together, although Tead4 À/À embryos failed to form clear blastocoels, several key mechanisms required for blastocoel development, adherens junctions, cell polarity, and JNK and p38 MAPK signaling, appeared to be normal.
Failure of TE lineage specification in Tead4 homozygous mutant embryos
Because the mouse mutants which show abnormal TE development (e.g. Cdx2 À/À embryos) exhibit abnormalities in blastocoel cavity formation , we next asked if differentiation of TE is affected. For this purpose, we first examined expression of Cdx2, which is required for both lineage specification and subsequent development of TE . In normal embryos, Cdx2 expression initiated between the 8-and 16-cell stages (n = 5/5), and then the expression was enhanced and gradually restricted to the outer cells that form TE (n = 18/18) (Niwa et al., 2005; Strumpf et al., 2005) (Fig. 5A ). In the Tead4 À/À embryos, only faint expression of Cdx2 was observed between the 8-and 18-cell stages (n = 4/7), and no expression was observed at later stages (n = 0/24) (Fig. 5A ). Gene expression analysis with the embryos corresponding to the late blastocyst stage showed absence of all the TE specific genes examined, Cdx2, Eomes, Fgfr2 (Arman et al., 1998) , Itga7 (integrin alpha 7) (Klaffky et al., 2001 ) and Cdh3 (placental-cadherin) (Niwa et al., 2005) in the Tead4 À/À embryos (Fig. 5C ), indicating failure of specification and development of TE. Cdx2 and ICM specific transcription factor Oct3/4 mutually suppress each other's expression, and absence of Cdx2 results in ectopic Oct3/4 expression and ICM lineage development (Niwa et al., 2005; Strumpf et al., 2005) . Therefore, we next examined the expression of two ICM specific transcription factors, Oct3/4 and Nanog (Chambers et al., 2003; Mitsui et al., 2003; Nichols et al., 1998) . In normal embryos, expression of Oct3/4 and Nanog is initially observed in all the blastomeres overlapping with Cdx2, but their expression is gradually downregulated in the Cdx2-positive cells and is 48 and 60 h after in vitro culture) are as follows, respectively: for +/+, n = 5, 4, 9, 27 and 14; for +/À, n = 11, 5, 18, 60 and 37; for À/À, n = 4, 2, 18, 34 and 24.
restricted to the ICM lineage in the late blastocysts ( Fig. 5B ) (Niwa et al., 2005) . In Tead4 À/À embryos corresponding to the late blastocyst stage, Cdx2 expression was not detected, and all the blastomeres strongly expressed both Oct3/4 and Nanog (n = 5/5 and 5/5, respectively) (Fig. 5B) . RT-PCR analysis with the late blastocyst stage embryos revealed that the ICM specific genes, Oct3/4, Nanog, Fgf4 (Feldman et al., 1995) , Zfp42 (Rex1) (Rogers et al., 1991) and Sox2 (Avilion et al., 2003) , were all expressed in the Tead4 À/À embryos (Fig. 5C ). Taken together, these results suggest that Tead4 is required for specification and development of TE but is dispensable for ICM development, and that, in Tead4 À/À embryos, all blastomeres are specified to the ICM lineage. (Fig. 6A) . By contrast, Tead4 À/À embryos failed to attach to the dishes, and no giant cell outgrowth was observed (n = 13/14) (Fig. 6A) . Gene expression analysis of these embryos also demonstrated the absence of TE specific genes, Cdx2, Eomes, Fgfr2, Itga7 and Cdh3, and giant cell specific genes, Hand1 (Riley et al., 1998) and Prl3d1 (also known as placental lactogen I, Pl1) (Faria et al., 1991) (Fig. 6B ). Persistent expression of the ICM specific genes, Oct3/4, Nanog, Fgf4, Zfp42 and Sox2 further confirmed normal ICM development in Tead4 À/À embryos (Fig. 6B) . Thus, Tead4 is also required for differentiation of polyploid trophoblast giant cells.
Establishment of ES cells from Tead4 homozygous mutant embryos
Although Tead4 is expressed in both TE and ICM of the blastocysts (Fig. 2) , delineation of the ICM lineage appeared to be normal in Tead4 À/À embryos (Figs. 5 and 6). To examine if Tead4 is dispensable for the development of the ICM lineage, we tried to establish ES cells from the Tead4 À/À embryos. The zona-free embryos from Tead4 +/À intercrosses were cultured up to the blastocyst stage. The embryos which failed to form blastocoels were selected as Tead4 À/À embryos and were further cultured on the feeder cells in a serum-free ES cell culture medium (Ogawa et al., 2004) . Three cell lines (#1-5, #1-8, #1-9) that showed ES-like morphologies were established from three independent embryos (Fig. 7A ). These cell lines were confirmed for homozygous mutations of the Tead4 allele by genomic PCR (Fig. 7B) . One ES line (#1-5) was further adapted for a feeder-free culture condition, which forms colonies similar to those of normal feeder-free EB3 ES cells (Niwa et al., 2002) (Fig. 7C) . Gene expression analysis revealed that, similar to the normal TT2 ES cells (Yagi et al., 1993) , these cell lines expressed the markers for ES/ICM, Oct3/4, Nanog, Fgf4, Zfp42 and Sox2, but did not express the markers for TE (Cdx2) or differentiated cells (Gata6, Sox17, Hnf4a, Foxa2, Gsc, Mixl1, T, Flk1, Fgf5) (Fig. 7D) . When the Tead4 À/À ES cells were allowed to differentiate by forming embryoid bodies, expression of ICM specific genes was turned off, and markers for multiple cell lineages including primitive endoderm (Gata6) (Koutsourakis et al., 1999; Morrisey et al., 1998 ), visceral endoderm (Sox17 (Kanai-Azuma et al., 2002 , Hnf4a (Chen et al., 1994a; Duncan et al., 1994) ), anterior primitive streak/mesendoderm (Foxa2 (Sasaki and Hogan, 1993) , Gsc (Blum et al., 1992) ), primitive streak/mesoderm (Mixl1 (Pearce and Evans, 1999) , T (Herrmann, 1991) , Flk1 (Shalaby et al., 1997) ) and embryonic ectoderm (Fgf5) (Haub and Goldfarb, 1991) , were expressed (Fig. 7E) . After extended culture, some of these embryoid bodies showed rhythmic contraction, a sign of myocardium differentiation (data not shown In normal embryos (upper panels), Cdx2 expression starts between the 8-and 16-cell stages, and its expression is gradually restricted to the outer cells. In Tead4 À/À embryos (lower panels), weak Cdx2 expression was observed at around the 16-cell stage, but no expression was observed in later-stage embryos. (B) In normal late blastocysts, expression of Oct3/4 and Nanog, and Cdx2 segregate into ICM and TE, respectively, although weak expression of Oct3/4 is also observed in some TE cells. The cytoplasmic signal of Nanog is a non-specific background. In Tead4 À/À embryos, all the blastomeres strongly expressed both Oct3/4 and Nanog, and no expression of Cdx2 was observed. (C) Absence of TE marker expression in Tead4 À/À embryos. RT-PCR was performed from RNAs prepared from individual embryos. No TE specific transcripts were observed, while all the ICM specific transcripts were expressed in Tead4 À/À embryos. Genotype was judged based on the embryo morphology and expression of Tead4 transcripts. Therefore, wild type and heterozygous mutants could not be discriminated.
Discussion
Distinct roles of Tead genes in pre-implantation development
Tead2 has been suggested to be the only Tead gene expressed in pre-implantation mouse embryos (Kaneko et al., 1997) . We first re-investigated the expression of Tead family genes in pre-implantation development, and found that, in addition to Tead2, Tead1 and Tead4 were also expressed. Although the cause of discrepancies between our results and the previous report is unknown, we confirmed expression of Tead1 and Tead4 by RT-PCR, wholemount immunohistochemistry and wholemount in situ hybridization. Tead4 transcripts showed strong expression around compaction and slightly lower level expression at blastocysts. Such dynamic changes in Tead4 expression level coincide with the previous results obtained by genome-wide expression profiling using GeneChip (Wang et al., 2004) . Therefore, three Tead genes are expressed in pre-implantation embryos, and at least Tead1 and Tead4 showed similar broad expressions. Because all four Tead proteins show similar transcriptional activities in vitro (Kaneko and DePamphilis, 1998; Sawada et al., 2005; Vassilev et al., 2001) , Tead proteins are thought to have essentially the same activities. In fact, the mutant analysis revealed that Tead1 and Tead2 play redundant roles in post-implantation mouse development (A.S., H.K., and H.S., submitted). Contrary to this notion, the current study demonstrated that only the Tead4 mutation resulted in the TE deficiency, whereas none of the Tead1 mutants (Chen et al., 1994b) , Tead2 mutants or Tead1;Tead2 double mutants (A.S., H.K. and H.S., submitted) showed TE defects. Therefore, among the four Tead proteins, Tead4 has distinct activity from Tead1 and Tead2, in vivo, at least in trophectoderm specification of pre-implantation embryos. Because the TEA DNA binding domain of Tead4 is rather divergent from those of Tead1, Tead2 and Tead3 (Kaneko and DePamphilis, 1998) , the distinct function of Tead4 may be attributed to its distinct DNA binding activity, although this has not been demonstrated in vitro (Kaneko and DePamphilis, 1998) .
Tead4 regulates TE development and blastocoel formation upstream of Cdx2 and Eomes
During pre-implantation development, differentiation of the two cell lineages, TE and ICM, takes place. We showed that Tead4 mutants are defective in specification and development of TE and in the formation of clear blastocoels while ICM development is not affected. While preparing the manuscript, another group also reported Tead4 mutant mice (Yagi et al., 2007) . Although their results are mostly consistent with ours, there are also some discrepancies. Yagi et al. (2007) reported weak and strong expression of TE specific genes, Eomes and Fgfr2, respectively, in E3.5 Tead4 À/À embryos. Contrary to this observation, we failed to detect any of the TE specific genes including Eomes and Fgfr2, at the stage corresponding to the late blastocyst, which is equivalent to E3.5 (Fig. 5C ). We also failed to detect any of the TE or giant cell specific genes with Tead4 À/À embryos after the outgrowth culture (Fig. 6B) . Because both groups used the same primer sets for Eomes and Fgfr2 that were originally described for analysis of Cdx2 mutants , the cause of such discrepancies is currently unknown. However, it is of interest to note that the gene expression profile observed by Yagi et al. (2007) is essentially the same as that of Cdx2 À/À embryos This discrepancy might be attributed to the differences in sensitivities of immunohistochemistry and/or to the differences in embryo numbers analyzed at 8-18 cell stages or E2.5. We observed weak Cdx2 expression 4 out of 7 mutant embryos, while Yagi et al. (2007) examined only 3 mutants at E2.5. Therefore, wild type and heterozygous mutants could not be discriminated.
Cdx2 and Oct3/4 play pivotal roles in the development of TE and ICM, respectively (Nichols et al., 1998; Strumpf et al., 2005) , and severe down-regulation of Cdx2 expression in the Tead4 À/À embryos indicates that Tead4 regulates TE development upstream of Cdx2. Because weak expression of Cdx2 was observed at 8-18 cell stages, Tead4 is required for maintenance and/or up-regulation of Cdx2 expression. Expression of Cdx2 and Oct3/4 initially overlap, and auto-activation and reciprocal repression mechanisms of Cdx2 and Oct3/4 expression are involved in the establishment of their mutually exclusive expression pattern (Niwa et al., 2005) . In further support of Cdx2 regulation by Tead4, Tead4 À/À embryos expressed Oct3/4 and Nanog in all the blastomeres (Fig. 5B) , which is reminiscent of Cdx2 À/À embryos (Fig. 3A) . Although Tead4 is expressed in both TE and ICM lineages, normal expression of ICM specific genes in Tead4 À/À embryos (Fig. 5C ) and establishment of pluripotent ES cells from Tead4 À/À embryos (Fig. 7) indicate that Tead4 is dispensable for development of the ICM lineage. Therefore, the phenotypic differences between Tead4 À/À and Cdx2 À/À embryos likely reflect the differences in degree of TE development. Tead4 À/À embryos did not express any of the TE specific genes at the blastocyst stage indicating the complete absence of TE cells (Fig. 5C ), while the Cdx2 À/À embryos continued to express Eomes and Fgfr2, although the expression level of Eomes is lower than that of control embryos, indicating partial defects in TE development . Therefore, there is a clear correlation between blastocoel formation and TE development, and at least partial development of TE is likely to be required for clear blastocoel formation. the presence of the Cdx2-independent mechanism for Eomes expression. Absence of Eomes expression in Tead4 À/À embryos ( Fig. 5C ) suggests that Tead4 regulates Eomes independent of Cdx2. Although Eomes is dispensable for blastocyst formation , Eomes promotes partial TE differentiation of ES cells in the absence of Cdx2 (Niwa et al., 2005) . Therefore, it is likely that Eomes and Cdx2 play partially redundant roles in TE development, and residual expression of Eomes may support blastocoel formation in Cdx2 À/À embryos.
Tead4 may also regulate some of the TE specific genes directly. Consistent with this notion, Fgfr2 expression is not significantly affected in Cdx2 À/À or Eomes À/À embryos but was lost in Tead4 À/À embryos (Figs. 5C, 6B ), indicating the Cdx2-and Eomes-independent regulation of Fgfr2 by Tead4. Because Tead4 À/À embryos failed to form blastocoel, the genes involved in cavity formation, including tight junction components (Fleming et al., 2001) , sodium pumps (Na + , K + -ATPases) and aquaporins (Barcroft et al., 2003; Watson, 1992) etc., are potential targets of Tead4.
Taken together, we propose the following model of TE development and blastocoel formation regulated by Tead4 (Fig. 8) . Tead4 regulates TE development through three distinct pathways. The first pathway is the Cdx2 dependent pathway. Tead4 activates Cdx2 in the outer cells. Cdx2 promotes TE development and also suppresses expression of Oct3/4 to prevent ICM development. The second pathway is the Eomes dependent pathway. Tead4 activates Eomes expression, and Eomes regulates TE development. Eomes is also activated by Cdx2. The third pathway is the direct pathway. Tead4 may also regulate TE specific genes independent of Cdx2 or Eomes. Cdx2, Eomes and Tead4 cooperatively promote TE development, and the TE supports blastocoel formation.
Because Tead4 is expressed in all the cells, how Tead4 is involved in outer cell restricted expression of Cdx2 is an intriguing question. It has been proposed that a hypothetical signal derived from the apical surface (apical signal) enhances expression of Cdx2 in the outer cells, and this mechanism together with the transcriptional network between Cdx2 and Oct3/4 establishes the outer cell restricted expression of Cdx2 (Niwa et al., 2005) . Tead4 may be involved in these mechanisms to maintain Cdx2 expression. It is currently not known whether Tead4 directly acts on the cis-regulatory element(s) of Cdx2, because the enhancer that drives Cdx2 expression in TE remains to be identified (Gaunt et al., 2005; Wang and Shashikant, 2007) . Analysis of the detailed transcriptional mechanisms should await identification of the Cdx2 enhancer(s).
Conclusion
By generating Tead4 mutant mice, we revealed that Tead4 is the early transcription factor required for specification and development of the TE lineage. Its major role is regulation of Cdx2, but it should also regulate other genes involved in TE development and blastocoel formation. Although Tead4 is expressed widely during pre-implantation development, it is dispensable for delineation and differentiation of the ICM lineage. The mechanism by which Tead4 regulates Cdx2 expression only in the outer cells is an important question to be addressed in the future.
4.
Experimental procedures
Generation of Tead4 mutant mice
Tead4 mutant mice (Accession No. CDB0409K) were generated as follows. The C57BL/6 mouse BAC genomic DNA clone, RPCI24-24J14, which contains the translation initiation site of the Tead4 gene, was obtained from BACPAC Resources, Children's Hospital Oakland Research Institute, and was used for the isolation of genomic DNA fragments. To construct the targeting vectors, we first generated MC1-DT-A-pA/pMW118 by cloning a cassette of MC1 promoter-diphtheria toxin A fragment gene-poly A signal of the Pgk gene (Kitsukawa et al., 1997) into the KpnI-HindIII sites of a low-copy-number plasmid, pMW118 (Nippon Gene, Japan). The Tead4 targeting vector was constructed by cloning a 11.8-kb Afl II fragment containing the second exon of the Tead4 gene into MC1-DT-A-pA/pMW118, followed by the insertion of a Pgk gene promoter-neo-poly A signal cassette flanked by loxP sites and a IRES-b-geo-pA cassette into an Eag I site located within the TEA domain. TT-2 ES cells (Yagi et al., 1993) were electroporated with a linearized targeting vector, followed by positive and negative selection with G418 and DT-A, respectively. ES clones were first screened for homologous recombination by long polymerase chain reaction (PCR) using LA-Taq (TaKaRa, Japan), as described (Murata et al., 2004) . For screening of Tead4 locus, the primer pairs of Neo-S3 (5 0 -CTTCTA CGCCTTCTTGACGAGTTC-3 0 ) and Tead4-21221R (5 0 -TCTTAGA TCCCTGTGAGCTTCTAAGC-3) were used. The positions of these primers are indicated in Fig. 1A . Homologous recombination of the Tead4 locus and absence of random insertion of targeting vectors were confirmed in PCR positive clones by Southern hybridization with 5 0 and 3 0 external genomic probes and an internal probe for the lacZ gene to the ES genome. The resultant ES clones were injected into 8-cell embryos to produce chimeric mice. Chimeric founders from three independent ES cell lines (#7, #14, #55) were crossed with C57BL/6 mice and the resulting mutant mouse lines were maintained on either inbred C57BL/6 or [C57BL/6xDBA]F1 hybrid backgrounds. Mutant phenotypes were not affected by ES cell line origin or by genetic background, and the mutant mice derived from ES #7 were used for most of the analyses. Mice were housed in environmentally controlled rooms of the 
Mouse breeding, embryo collection and genotyping
Embryos were collected from intercrossed Tead4 heterozygotes. Genotyping of adults and post-implantation embryos were identified by PCR of DNAs prepared from ear punches and yolk sacs, respectively. For pre-implantation embryos, genotyping was performed on individually isolated embryos directly or after observation in culture or following antibody staining. All genotyping was performed by PCR with primers that produced both mutant and wild type bands. Tead4 targeted mutants were genotyped using the following primers: F1, 5 0 -CAGCCATATCACATCTGTAGA GG-3 0 ; F2 5 0 -ACCATTACCTCCAACGAGTGGAG-3 0 ; R, 5 0 -TCCACTCCTGCTG AACTACAAGG-3 0 . The locations of the primers are indicated in Fig. 1A . A 350-bp amplification product is generated from the mutant allele between primer F1 and R; a 265-bp product is amplified from the wild type allele between primers F2 and R. The PCR condition was 94°C for 1 min, 25 cycles (for ear punches and yolk sacs) or 35 cycles (pre-implantation embryos) of 94°C for 30 s, 58°C for 30 s, and 72°C for 1 min 30 s, followed by 72°C for 5 min.
Antibody production
Antibodies specific to Tead1 and Tead4 were raised with two rabbits by QIAGEN using the following peptides conjugated with KLH as antigens: Tead1, CGLPGIPRPTFPGGPGF and Tead4, CHSKMALARGPGYPAI. The antisera (B1398 for Tead1 and B1443 for Tead4), which showed higher titer, were used after affinity purification.
Immunohistochemistry
Immunohistochemistry of pre-implantation embryos was performed following the protocols described previously (Niwa et al., 2005) . The following antibodies were used at the following dilutions: polyclonal anti-b-catenin (C2206, Sigma) 1:4000; monoclonal anti-Cdx2 (MU392-UC, BioGenex) 1:100; monoclonal anti-Ecadherin (610181, BD Transduction Laboratories,); polyclonal anti-Nanog (RCAB0001P, Cosmo Bio) 1:500; polyclonal anti-Oct3/ 4 (a gift from Dr. H. Niwa, RIKEN CDB) (Niwa et al., 2005) 1:5000; polyclonal anti-phospho-ATF (9221, Cell Signaling) 1:100; polyclonal anti-phospho-c-Jun (9164, Cell Signaling) 1:50; polyclonal anti-phospho-p38 (V1211, Promega) 1:500; polyclonal anti-PKCf (sc-216, Santa Cruz) 1:2000; monoclonal anti-ZO-1 (33-9100, Zymed Laboratories) 1:100. Secondary antibodies, Alexa 488-or Alexa594-donkey anti-mouse or anti-rabbit IgG (Molecular Probes) were used at 1:4000. To visualize nuclei, embryos were incubated in DAPI at 1 lg/ml. Confocal images of the stained embryos were acquired with LSM510 META (Zeiss).
Embryo culture
To follow development in vitro, the 1-cell stage embryos were recovered from oviducts in M2, cultured in microdrops of KSOM-AA (MR-020P-5D, CHEMICON) under mineral oil for 24 h at 37°C, 5% CO 2 , and cryopreserved at À150°C. Thawed embryos were then cultured in microdrops of KSOM-AA under mineral oil up to 72 h at 37°C, 5% CO 2 . For trophoblast outgrowth formation, embryos were treated with acidic Tyrode's to remove zona pellucidae (Hogan et al., 1994) , and were individually cultured in KSOM-AA overnight and then transferred into RPMI 1640 containing 20% FCS in four-well tissue culture dishes (Nunc, Denmark) pre-coated with 0.1% gelatin (Sigma). Outgrowth formation was monitored over 72-120 h. For digital time-lapse microscopy, embryos were cultured in a drop of KSOM-AA overlaid with light mineral oil and imaged using the Zeiss Axiovert 200 M inverted microscope with Incubator XL, Heating Insert P and CO 2 controller. Temperature and CO 2 were set to 37°C and 5%, respectively. DIC images were recorded every 30 min using AxioCam MRm with Axiovision 3.1 software.
ES cell culture and derivation
Derivation of embryonic stem (ES) cell lines from zona-free blastocyst stage embryos from heterozygous Tead4 intercrosses was performed as previously described (Hogan et al., 1994 ) with a modification of replacement of standard ES cell medium by CultiCell serum-free ES cell medium (Stem Cell Science, Japan) (Ogawa et al., 2004) . Established ES cells were maintained with standard ES cell medium supplemented with 20% FCS and 1000 U/ml LIF (Yagi et al., 1993) . For adaptation into feeder-free culture conditions, ES cells were cultured in gelatin coated dishes using CultiCell serum-free ES medium supplemented with 1000 U/ml LIF. Genotyping of cell lines was performed by PCR.
4.7.
Embryoid body production
In vitro differentiation of ES cells by embryoid body production was performed in suspension culture as previously described (Labosky et al., 1993) .
Reverse transcription-PCR (RT-PCR)
The total RNAs were isolated from individual embryos, pooled embryos, ES cells or embryoid bodies using Trizol reagent (Invitrogen) following the manufacturer's instruction. All (for individual embryos) or one lg (for ES cells and embryoid bodies) of total RNA was used for cDNA synthesis using Superscript III reverse transcriptase (Invitrogen) following the manufacturer's instruction. The resultant cDNA was diluted appropriately for semiquantitative PCR. Primers used were as follows:
b-Actin (5 0 -TGTATGCCTCTGGTCGTACCACAG-3 0 , 5 0 -GATGTCA CGCACGATTTCCCTCTC-3 0 ); Cdh3 (5 0 -GCCAGGACTCTGAAGTT  TGC- -TGTCCTCAGGCTGGGTA  GTC-3 0 , 5 0 -TGATTTTCTGCCGTATGCAA-3 0 ). The PCR primers were originally described in the following papers: Cdx2, Eomes, Fgfr2, Hand1, Prl3d1 ; Gata6, Cdh3, Itga7, Oct3/4, Nanog, Zfp42 (Niwa et al., 2005) ; Fgf4, Sox2, T (Takahashi and Yamanaka, 2006) ; Gsc, Flk1 (Ng et al., 2005) ; Mixl1, Sox17, Foxa2, Hnf4a (Tada et al., 2005) ; Fgf5 (Mouse Genome Informatics ID:3512259). The PCR conditions were 95°C for 1 min, 30 cycles (for ES cells and embryoid bodies) or 40 cycles (for individual embryos) of 95°C for 30 s, 58°C for 30 s, and 72°C for 1 min, followed by 72°C for 5 min experiments were repeated at least twice using independent RNA preparations, and the results were reproducible.
